Guava (Psidium guajava L.) is fruit with very short shelf life due to associated with the loss of firmness in the pulp and information on the activity of enzymes that degrade pectic substances, as well as the amount of pectin, is very contradictory and not clearly defined. This work showed that the firmness of the fruit decreased sharply on the first four days of ripening. The identified phenolic compounds had their content increased with fruit maturation. The addition of the enzymes cellulase and hemicellulase in the pectin extraction in fruits of Psidium guajava revealed higher contents of this polyssacaride that the ones reported in literature, highlighting pectin as the responsible for the firmness of these fruits at more adequate contents. β-D-glucosidase was identified as one of the responsible enzymes for the maturation of P. guajava fruits. Thus, studies about possible inhibitory effects of this enzyme in P. guajava fruits may reveal an important tool to reduce pectin release and early maturation of these fruits.
Introduction
The red guavas are widely produced in Brazil, being the largest producer. Exports are destined for the European market without any post-harvest treatment (Vieira et al., 2014) . However, the transport and storage period of guava (Psidium guajava L.) is limited by the very short shelf life after harvest and by highly perishability, which is associated with the loss of firmness in the pulp (Gonçalves et al., 2016) .
Pectin polymers are considered primarily responsible for the firmness of green fruits (Abreu et al., 2012a) and their degradation is one of the most notable events during ripening and softening of the fruit. In guavas, it is not different. However, the content of pectins described in the literature for guava pulp (about 2.5% fresh weight and 15% dry weight) (Xisto et al., 2004; Linhares et al., 2007) is very small to be considered the main responsible for the maintenance of firmness. According to Abreu et al. (2012a) , throughout the ripening of guava cv. Pedro Sato, pectin from the cell wall gradually migrates into the cell, probably in vacuoles, and the function of this migration is still unexplained.
Chemical modifications, mainly related to the contents of carbohydrates, organic acids, phenolic compounds and pectins, the degradation of cell wall components and decrease in fruit integrity are observed during fruit maturation (Vilas Boas et al., 2013; Dolkar et al., 2017) . These changes are commonly associated with the action of specific enzymes, such as pectin methyl esterase (PME) and polygalacturonase (PG), enzymes capable of degrading pectic substances localizadas found in the cell wall and in the middle lamella of parenchymal cells from muitosvarious fruits and vegetables (Chitarra & Chitarra, 2005) . However, according to Linhares et al. (2007) is not found or it is very low the activity of PG, making the information about the activity of these enzymes contradictory, and the mechanisms that control ripening not clearly defined. Thus, the knowledge of changes occurring during this process is important to clarify and establish scientific bases which enable the development of new post-harvest technologies, increasing, therefore, the shelf life of these fruits (Abreu et al., 2012a) .
Given the above, in order to elucidate the rapid decrease in firmness during the ripening of guava cv. Pedro Sato, the present study had as objective to evaluate the composition of the cell wall of guava, especially pectins, the interconnections between their chains and bound phenolic compounds, as well as the enzymatic processes involved in the release and transport of polymers into the cell.
Materials and methods

Preparation of the fruits
Guavas (Psidium guajava L.) from cv. Pedro Sato were manually picked early in the morning at the half-mature ripening stage (light green coloration) in a commercial orchard located in the municipal district of Lavras, Minas Gerais. The harvested fruits were selected based on size, color, absence of physiological and mechanical injuries, washed in tap water and separated into 9 groups of 9 fruits for the composition of the treatments. The fruits were sanitized in a 1% sodium hypochlorite solution at room temperature for 5 minutes. They were identified and stored on a shelf and kept for a period of 8 days at a temperature and relative humidity ranging between 27 °C ± 1 °C and 53% ± 1%, respectively.
The samples were prepared on the day of harvest and every day until the end of the ripening period; the fruits were chopped into pieces of approximately 1 cm 3 and the endocarp was removed. The fruits were then packed in plastic bags separately in three groups of three fruits each, and the fruits were placed in the freezer for later analyses.
Physical and chemical analyses
The analysis of firmness was performed using a digital penetrometer (TA-XT2 i® texture analyzer) with a 3 mm flat tip. Two equidistant readings were taken in the equatorial region of each fruit. The results were expressed in Newtons (N).
The phenolic compounds were quantified using the Folin-Denis reagent (Association of Official Analytical Chemists, 2012). The results were expressed as mg tannic acid g -1 sample.
Extraction and quantification of pectin
Total and soluble pectin
The technique proposed by McCready & McComb (1952) , was used to extract the total and soluble pectin and quantified by carbazole reaction, according to Bitter & Muir (1962) . The results were expressed in g galacturonic acid per 100 g guava pulp.
Insoluble pectin
The contents of insoluble pectin were obtained in three different ways. In the first, they were determined by the difference between the contents of total and soluble pectin, quantified by the method of McCready & McComb (1952) .
In the second method, insoluble pectin was extracted by the method proposed by McCready & McComb (1952) , with modifications. Cellulase (5 mg mL -1 ) was added to the residue of soluble pectin in 20 mL of 0.1 mol L -1 phosphate-citrate buffer, at pH 4.8. This homogenate was stored for one night in a water bath at 30 °C. Subsequently, the samples were centrifuged at 5,000 x g at 25 °C for 10 minutes. 50 mg pectinase were added to the supernatant, and it was stirred for 30 minutes at 30 °C; therefore, insoluble pectin was obtained in the supernatant fraction. 10 mL of 0.11 mol L -1 EDTA solution, at pH 11, were added to the sediment. After 30 minutes, the pH was adjusted to 5 with 10% acetic acid, and 50 mg pectinase were added. It was then stirred for one hour at 30 °C and the volume was completed to 20 mL EDTA; insoluble pectin was obtained in the supernatant fraction. These pectic substances were quantified by the technique standardized by Bitter & Muir (1962) .
In the third method, the same procedures described above were carried out in the first modification. However, cellulase (5 mg mL -1 ) was added to the residue of soluble pectin, as well as hemicellulase (5 mg phosphate-citrate buffer, at pH 4.8, and the analysis was carried out in the same way.
Identification and quantification of phenolic compounds
The phenolic standards and guava extract were separated using using a Shimadzu UHPLC chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with two LC-20AT high-pressure pumps, an automatic injector with an SIL-20A auto sampler, an SPD-M20A UV-Vis detector and Shim-pack VP-ODS-C18 (250 mm × 4.6 mm) column, connected to a Shim-pack Column Holder (10 mm × 4.6 mm) pre-column (Shimadzu, Japan).
The analysis were performed, using a mobile phase constituted of the following solutions: 2% acetic acid in water (A) and methanol:water:acetic acid (70:28:2 v/v/v) (B), for a total time of 65 min at 40 °C, flux of 1 mL min -1 , wavelength of 280 nm, and injection volume of 20 µL in a gradient-type system (100% solvent A from 0.01 to 5 min; 70% solvent A from 5 to 25 min; 60% solvent A from 25 to 43 min; 55% solvent A from 43 to 50 min; and 0% solvent A for 10 min) until the end of the run. Solvent A was increased to 100%, seeking to maintain a balanced column (Marques et al., 2016) .
The phenolic standards used as identification parameters were gallic acid, catechin, epigallocatechin gallate, epicatechin, syringic acid, p-coumaric acid, ferulic acid, salicylic acid, resveratrol and quercetin. The phenolic compounds in the extract were identified by comparison with retention times of standards and quantification was performed by the construction of analytical curves obtained by linear regression.
Enzymatic analyses β-D-glucosidase with salicin
The extraction of β-D-glucosidase was performed according to Linhares et al. (2007) , and the enzymatic activity was determined according to Noelting & Bernfeld (1948) , with the substitution of the substrate p-nitrophenyl-β-D-glucopyranoside (pNPβG) by 0.01 mol L -1 salicin, in a 0.1 mol L -1 phosphate-citrate buffer and pH 5.5. The results were expressed as milliunits (mU) per g of guava pulp, which corresponds to the formation of a micromole of glucose per minute under the assay conditions.
β-D-glucosidase with pNPβG
The extraction and quantitation of β-D-glucosidase was performed according to Linhares et al. (2007) , using 0.01 mol L -1 p-nitrophenyl-β-D-glucopyranoside (pNPβG) as a substrate, in a 0.1 mol L -1 phosphate-citrate buffer, at pH 5.5. The activity of β-D-glucosidase was expressed as milliunits (mU), which corresponds to the formation of a nanomol of p-nitrophenol per minute under the assay conditions.
Esterase
The extraction of esterase from the guava pulp was performed according to Linhares et al. (2007) , with modifications. The homogenate (HOM) was centrifuged at 10,000 x g at 4 °C for 10 minutes, and the supernatant (SOB1) was the soluble esterase extract. The sediment (SED1) containing esterase membrane was again homogenized in the same buffer at a 1:4 (w/v) ratio, added with 2% Triton X-100. After 24 hours at 4 °C, the homogenate was centrifuged at 10,000 x g at 4 °C for 10 minutes, and the supernatant (SOB2) was used as solubilized esterase. Sediment 2 (SED2) was used as non-solubilized esterase. The extracted fractions were used as enzyme extract.
The enzymatic activity was determined according to Linhares et al. (2007) , using 4.46 mmol L -1 α-naphthyl acetate as a substrate in 0.22 mol L -1 phosphate buffer, at pH 6.5. One unit of enzyme was defined as the amount of enzyme capable of catalyzing the release of a micromole of α-naphthol per minute, under the assay conditions. The results were expressed as milliunits (mU) per g of fresh pulp.
Experimental design
A completely randomized design (CRD) was used, with 9 treatments (0, 1, 2, 3, 4, 5, 6, 7, and 8 days of ripening). The experimental portion consisted of 3 fruits with 3 repetitions for each treatment. The results were submitted to the variance analysis using the software SANEST (Zonta & Machado, 1991) . When significant, data were subjected to regression analysis.
Results and discussion
Firmness and phenolic compounds
The Figure 1 shown the loss of firmness of guava cv. Pedro Sato during the eight days of maturation at a temperature of 27 °C. On the day of harvest (unripe fruit, light green peel), firmness was 28.6 N, and it sharply decreased until the fourth day of ripening (4.54 N, a reduction of 84%), already with the fruits not very attractive for the consumption.
Changes in pectins of the primary cell wall and their interactions have been associated with the main causes of texture changes, resulting in a reduction in firmness during fruit ripening (Paniagua et al., 2017) . During ripening the loss of firmness is due to the activity of hydrolytic enzymes, especially the activity of pectin methyl esterases (PME) and polygalacturonases (PG), which cause an intense solubilization of pectins in the cell wall (Wei et al., 2015; Gayathri & Nair, 2017) . However, Linhares et al. (2007) did not observe the activity of PG in guava cv. Pedro Sato; therefore, the explanation for the decrease in firmness is still unknown.
The results of this study are similar to those reported by Botelho et al. (2016) and Abreu et al. (2012a) , who reported a reduction of 70 and 73%, respectively, in the firmness of guava cv. Pedro Sato, during four days of storage at room temperature. Other guava cultivars also showed similar reductions, ranging between 85% for cv. Paluma (Cavalini et al., 2015) , 78% for cv. Cortibel (Werner et al., 2009 ) and 80% for cv. Allahabad Safeda (Gill et al., 2016) .
The behavior of phenolic compounds during ripening at a temperature of 27 °C was increasing over the days. The variation for the green (day 0) and ripe (day 8) fruit was respectively: 259.80 and 328.20 mg tannic acid per 100 g fresh pulp, which corresponds to an increase of 26.3% in the content of these compounds. The increase in the content of phenolic compounds in post-harvest can often be related to biotic and abiotic stresses, which induce the secondary metabolism of the fruit, with an increase in the production of these compounds (Severo et al., 2010) . It is also possible to correlate this increase in phenolic compounds with their release, with cell wall degradation. Phenolic compounds bound to wall polysaccharides are released, and can be detected by the extraction technique.
Pectin contents
The content of soluble pectin increased with ripening, ranging from 0.13% (w/w) to 0.55% galacturonic acid (Figure 2 ). Throughout ripening, there is an increase in soluble pectin, which is usually accompanied by a decrease in protopectin, indicating that solubilized pectins come from polymers more firmly integrated into the cell wall, and possibly to hemicellulose (Paiva et al., 2009; Ghai et al., 2016) .
Through analyses of sugar fractionation and percent composition of guava cv. Pedro Sato, Abreu et al. (2012b) suggested that the amount of pectin in guava should be higher than 2.5% in fresh weight (or 15% dry weight). Given these results, a new step in the extraction of pectin was proposed, in the two modified methods by McCready & McComb (1952) , that is, the treatment of the residue after the determination of soluble pectin, with cellulase and pectinase in the fractions supernatant and sediment, obtaining insoluble pectin, and cellulase, hemicellulase and pectinase were used in the other treatment, under the same conditions. When the two modified extraction methods were used, it was possible to observe an increase in the amount of insoluble pectin (Table 1) ; however, a behavior similar to the original method was maintained, that is, insoluble pectin decreased during ripening.
The enzymes hemicellulase and cellulase, used in the extraction of pectin, caused a higher degradation in the cell wall structure of the fruit and released other pectin molecules, which were hydrolyzed by pectinase, thus increasing the observed content of pectin. These results demonstrate that a large amount of pectin is trapped in the cell wall of the fruit, using the extraction proposed by McCready & McComb (1952) , while the addition of the enzymes cellulase and hemicellulase results in a significant increase in the content of pectins.
The content of total pectin during the ripening of guava, by the method of McCready & McComb (1952) , was approximately 1.80% galacturonic acid, a small amount to be considered one of the main responsible for the loss of firmness in fruits. However, extractions with cellulase and pectinase, as well as with cellulase, hemicellulase and pectinase, showed total pectin levels near 4.45% and 6.71% galacturonic acid, respectively, higher than those observed using the method of McCready & McComb (1952) . The extraction with cellulase, hemicellulase and pectinase was more efficient in the extraction of pectin, showing a greater involvement of this polysaccharide in cell wall firmness.
There is evidence in the literature that pectin polymers, considered the main responsible for the firmness of green and ripe fruits, can present their glycosidic chains interconnected by phenolic compounds (Taiz and Zeiger, 2013) . Parr et al. (1997) found that phenolic compounds in the cell wall can influence the physical properties of carrot tissues. On the other hand, Tsai et al. (2010) pointed out that the interaction between phenolic compounds and pectin is an important factor in the maintenance of the texture of guava during the thermal processing.
In order to investigate changes in pectins of the cell wall of guava during ripening, the identification analysis of phenolic compounds was performed by HPLC. The objective was to verify if phenolic compounds undergo changes during ripening and if these changes are related to the release of pectin polymers, being responsible for the decrease in fruit firmness.
The following phenolic compounds were identified in guava pulp during eight days of ripening: gallic acid, catechin and epigallocatechin gallate (Figure 3 ). Their concentrations, in mg 100 g -1 pulp, ranged during the eight days of ripening: gallic acid (0.84 ± 0.03 to 1.23 ± 0.02), catechin (0.88 ± 0.02 to 1.78 ± 0.01) and epigallocatechin gallate (1.50 ± 0.02 to 2.34 ± 0.02). This increase in peaks may characterize that phenolic compounds are interconnected to Data are the mean of triplicates ± standard deviation of three replicates with three fruits each; *Contents obtained by the difference between total and soluble pectin, dosed by the method of McCready & McComb (1952) ; **Extraction using cellulase; ***Extraction using cellulase + hemicellulase. pectin chains and may contribute, together with pectins, to the integrity of the cell wall.
Enzymatic activity
The activity of β-D-glucosidase was determined in fractions of the supernatant and sediment; however, the sediment was inactive. On the other hand, the activity in the supernatant using the chromogenic substrate, p-nitrophenyl-β-D-glucopyranoside, was very low, ranging from 1.27 to 1.61 mU/g fresh guava pulp, from day zero to the eighth day, respectively ( Figure 4A ).
It is possible to observe, in Figure 4A , that the activity of β-D-glucosidase increased until the fourth day of ripening, which coincides with the decrease in firmness over the same period (Figure 1 ). It suggests that this enzyme is responsible for the release of pectin from the cell wall. From the fourth day of activity of β-D-glucosidase, it decreased until the end of ripening, indicating a decrease in the enzyme substrate (pectin polymers).
The involvement of cell wall hydrolases in the loss of pulp firmness has been described in several fruits. Ketsa & Daengkanit (1999) observed an increase in pectin solubilization with the decrease in pear firmness. There are studies on the low activity of β-glucosidase in the ripening of mango (Ali et al., 2004) and tomato (Konozy et al., 2012) .
The activity of β-D-glucosidase was also determined, using salicin as a substrate. There was a decrease in activity in the supernatant during the eight days of ripening ( Figure 4B ), and the sediment was inactive.
The enzymatic assay in which salicin was used as a substrate showed a different behavior in relation to the assay in which p-nitrophenyl-β-D-glucopyranoside was used as a substrate ( Figure 4A ). Although the activity of β-D-glucosidase was detected, with a consequent increase in the contents of soluble pectin, other hydrolases possibly act, causing depolymerization of pectic fractions in the cell wall during ripening. Therefore, it is unlikely that this enzyme is the only responsible for changes in firmness. In fact, the process must involve a complex interaction of the activities of amylase and pectic enzymes, as well as galactosidases, with physicochemical changes in the wall (Tucker, 1993; Gwanpua et al., 2014) .
The activity of esterase in the homogenized extract increased with the ripening of guava. A similar behavior was observed in the soluble fraction (SOB1) and in the membrane fraction (SED1) (Table 2), whose sum recovered 65.6% of the activity of the homogenate. The esterase in guava, obtained in this study, is predominantly located in the membrane, with an average of 57% of the activity, against 8.61% in the soluble fraction. Results are the mean and standard deviation of the mean of 3 replicates with three fruits each; *A milliunit was defined as the amount of enzyme capable of catalyzing the release of 1 micromole of α-naphthol per minute under the assay conditions.
The increase in the activity of soluble esterase during ripening and consequent decrease in the activity of membrane esterase from the third day (Table 2) is an indicative that the cell wall is disorganizing with ripening, and releasing these enzymes, which become soluble, causing a decrease in the loss of fruit firmness by the action of hydrolytic enzymes. Some cell wall hydrolases increase their activity during ripening, and this increase is coincident with the softening of the fruit (Pinto et al., 2013) .
With the treatment of the membrane fraction (SED1) with Triton X-100, the percentage of solubilization was 137.40 ± 31.60%, indicating that this enzyme may be associated with the cell membrane (integral or peripheral protein) of guava pulp cells. The fraction SED2 showed no esterase activity.
The high activity of membrane/cell wall esterases after the treatment of the membrane fraction (SED1) with Triton X-100, caused the hydrolysis of cross-links between pectin chains and between pectin chains and other polymers, releasing pectin polymers which, probably by the action of β-D-glucosidase, migrate into the cell until the fourth day of ripening.
In the case of guava, the explanation for the rapid decrease in firmness is probably due to the joint action of the PME, other esterases and β-D-glucosidase, identified in this study, which release cell wall pectin polymers.
Conclusions
The addition of the enzymes cellulase and hemicellulase in the pectin extraction in fruits of Psidium guajava revealed higher contents of this polyssacaride that the ones reported in literature, highlighting pectin as the responsible for the firmness of these fruits at more adequate contents.
The phenolic compounds gallic acid, catechin, and epigallocatechin gallate were identified and their content increased with fruit maturation and this might be related with the interrelation of the pectin chains in P. guajava fruits.
β-D-glucosidase was identified as one of the responsible enzymes for the maturation of P. guajava fruits, probably by hydrolysis of the crosslink between pectin chains which favors fruit maturation. Thus, studies about possible inhibitory effects of this enzyme in P. guajava fruits may reveal an important tool to reduce pectin release and early maturation of these fruits.
